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Studies on the Mold Filling in the Resin Transfer Molding Process
I. Numerical Simulations
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ABSTRACT

Computational program for numerical simulations of the mold filling in the resin transfer mold-
ing(RTM) process was developed. The finite element method and the numerical mesh generation
technique were used to deal with the problem of the advancement of resin front and the irregular-
ly-shaped boundaries in the RTM process. The design and operation of RTM require an under-
standing of various parameters, such as materials properties, mold geometry, and mold filling con-
ditions. The results from numerical simulation provided a potential tool for analyzing the relation-
ships among the important parameters and the information for optimizing mold design. Numerical
simulations were undertaken varying these processing parameters in order to investigate the effects
on the mold filling. The program was also applied to the molds with complicated geometry and
with varying thickness to illustrate its capability.
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1. INTRODUCTION

Resin transfer molding(RTM) refers to a num-
ber of different fabrication processes which
involve the transfer of catalyzed resin into an
enclosed mold cavity containing a previously
positioned reinforcement preform and the subse-
quent curing.

RTM process has the following advantages ;

(a) Very large and complex shapes can be made
efficiently and inexpensively.

(b) Production times are much shorter than lay-
up.

(c) Clamping pressure is low compared to
matched-die molding.

(d) Surface definitions are superior to that with
lay-up.

(e) Inserts and special reinforcements can be
added easily.

RTM is a versatile and efficient process that is
gaining popularity in almost all areas of the com-
posite industry. Applications for RTM using
advanced composites cover the full ranges of
commercial and military aerospace parts, automo-
tive, and consumer products. A good understand-
ing of the manufacturing process and material
properties is necessary to accomplish good struc-
tural composite design{[1-5].

Mold filling stage in RTM process is a very
important process and the contemporary research
being done in this field is mainly the numerical
simulation and experimental verification of the
resin flow. Coulter et al.[6-8] simulated two-
dimensional resin impregnation processes using
the numerical method of boundary-fitted coordi-
nates numerical grid generation along with a
stream-function formulation based on assumption
of Darcy’s flow through porous media. Gauvin et
al.[9-11] developed a numerical model based on
Darcy's law and on the numerical generation of
boundary-fitted coordinate system. The computer
program permits to simulate the filling of two-
dimensional molds of arbitrary shapes and the

resin pressure distribution and the resin front posi-
tions can be obtained at each time step. A some-
what different approach was taken by Bruschke
and Advani[12,13] in their effort to model the
RTM process. They presented a numerical solu-
tion based on a finite element/control volume
method to calculate the flow pattern for mold fill-
ing in anisotropic media.

In the present study, the mathematical equation
is developed to mode] a resin flow in thin cavities
preplaced with fiber mats. The finite element tech-
nique is used to solve the governing equations and
this technique offers the capability of modelling
the moving flow front in a computationally effi-
cient manner. The finite element method with
numerical mesh generation used in this study is
efficient in the accuracy in comparison with other
numerical techniques.

Using the computational program developed in
present study, the numerical simulation is carried
out under variation of processing and material
parameters. Through the numerical results of
mold filling the affects. of process parameters are
investigated and the optimization of mold design
is provided.

2. MATHEMATICAL MODELLING

For an incompressible fluid, the continuity
equation can be reduced to the form.

2U
aX

Based on the lubrication approximation, the
generalized Hele-Shaw flow model which pro-
vides simplified governing equations for the thin
cavity was applied in this study. The governing
equation can be simplified as follows ;

I — 2 —
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In using Darcy's law, the details of the velocity
profile through the thickness are neglected and the
average velocities are used.
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Substituting equation (3) into equation (2), the
governing equation for the pressure distribution is
given by ;

2. K, aP. 2 Ky P~
;X(h(X»Y)' p —5}—)+9—y(h(x,y)-—>———)—0-~ 4

Booy

2P K 7P, 1 hxy oP

o K. % h(xy) ax  ax
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The solution to equation (5) provides the pres-
sure fields in the flow domain at given time. The
boundary conditions are given by ;

(a) at the flow fI'OIlt; P eevveererviniinenennn (63)
(b) at mold inlet ;
for constant pressure filling, P=Py.....(6b)
for constant flow rate filling,

K ap ] teerecturarsrsrnerertressanarsrnenennsy
T w4 (6c)
(c) at mold boundaries ; —j—g— e USRI (6d)

A condition imposed at the moving front
requires that the boundary propagates with the
local fluid velocity at that surface. The local
velocities are calculated from the superficial
velocities of the fluid flows by using the follow-
ing equations ;

2 X Vi
Vi = dt—'e (7)

The porosity, ¢, is required to convert the super-
ficial velocity to a local velocity and determined

from the properties of the fiber preform using the
following equation ;

po _qy__ N&

o =1 ) — (8)

e=1—

where py is the bulk density of the fiber preform
inside the mold cavity and pris the density of
fiber. N is the number of fiber mat, & is surface
density of fiber mat and h(x,y) is the mold thick-
ness. In case that the porosity and the mold thick-
ness are invariant inside the mold, an expression
for porosity is represented by more simpler form.

3. NUMERICAL METHODS

The main characteristics of the resin flow in a
general two-dimensional mold are the advance-
ment of the resin front and its arbitrary shaped
boundaries. With traditional numerical approach-
es, special procedures are required at the bound-
aries and to deal with the moving front.

Although the mold filling process is not a
steady state process, the mold filling can be
regarded as a quasi-steady state process by assum-
ing a steady state condition at each time step. The
new flow front can be estimated according to the
velocity vector of the flow front and the time step.
This procedure of solving a steady state problem
and flow front propagation is repeated until the
mold is filled. Fig. 1 shows algorithm for simulat-
ing RTM mold filling using finite element meth-
ods and numerical mesh generation scheme pre-
sented here.

The modeling of the mold filling involves the
collision of the fluid front with the solid walls. To
deal with this extra difficulty, we have imple-
mented an adaptive algorithm which relocates the
nodes using mass conservation. Using this algo-
rithm, we could find the contact point located at
the intersection of the solid wall by minimizing
the mass loss.
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Start with initial
flow domain
Solve for pressure
Calculate velocity

Calculate displacement

along the flow front

|

Determine contact

point location

Time
increment

Mesh generation

Distribute nodes
along free surface

Mold filled?

Fig. 1. Flow chart for numerical simulation of mold filling

Numerical mesh generation on any irregularly
shaped geometry is performed by essentially map-
ping the boundaries of the physical domain to a
more regular shape in computational domain. A
mesh is created on the transformed, simpler
domain and this can then be mapped back to pro-
vide a curvilinear mesh on the original irregular
shape. The governing equations for mesh genera-
tion are similarly transformed and solved on the
computational domain, using the well-established
finite difference techniques, and the solutions at
every node are mapped back onto the physical
domain. Though several expressions are possible,
Poisson type elliptic expressions are most com-
monly used to relate the physical (x, y) coordi-
nates to the computational (§, n) coordinates due
to their inherent smoothness and ability to handle

boundary discontinuities. These relations are giv-
enas;

——az;z-:; + ;}7? = P(E, n) ............................... (93)
L I N |
__a;f + ._a__y.?_ — Q(E’ n) .............. (9b)

In the above equation P and Q are the grid con-
trol functions that can be used to specify mech
concentration in desired areas. During the filling
process, the flow domain continuously expands. A
constant mesh size to cover this domain at all
stages of filling could result in either too coarse
meshes over large domains or in too fine meshes
over small domains. Allowing the mesh size to be
continuously expanded until the fluid fills the
mold, the mesh is produced in a computationally
economic way. This is implemented by adding a
new curvilinear computational coordinate line to
the flow domain each time the free surface passes
a mold boundary node.

The governing equation has position dependent
variables and the resin flow front is assumed to
evolve during mold filling. These two characteris-
tics can be conveniently handled by finite element
formulation. Four-noded quadrilateral finite ele-
ments are used in this study. The pressure P and
the velocity component u, v at a point in the finite
element are

P:ipiq)i’ U=iu,¢., v=évi¢i ................. (10)

By applying the Galerkin method to the govern-
ing equation, the following formulation is yielded.

P K, 2P 1
<¢ii —

ah(x,y) 2P
=t ; o
ax K« a2y

hxy) 2x X

K, 1 oh(xy) P
KX h(x3Y) 9y 9y
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where the bracket denotes the integration over
the domain. Performing the integration by parts
on equation (11), and thereafter using the diver-
gence theorem, one obtains the following matrix
form equation, coefficient matrix and load vector.

R o oY Ky ¢ a¢
K=ky=] [ S S0 + &= 5 5

L ohxy) _.’7_5&9{,
"hixy)  ax ax

. Ky 1 2h(xy) 24
" K, h(xy) oy Iy

. %}dg ................ (12b)

. 2P
[F_j ::fizzfr__a?{. . %dr ................................ (12(:)

Solution of the global matrix equation yields the
pressure distribution in the flow domain at each
time step. The velocity of each node is aiso
obtained from the computed pressure of each node
by use of equation (3).

4. RESULTS AND DISCUSSION

In order to predict the progression of flow front
and to estimate what processing factors had influ-
ence on mold filiing in RTM process, the numeri-
cal simulations based on the finite element
method were performed. The material properties
and processing conditions used for the simulation
of mold filling were listed in Table 1.

4.1. Flow advancement by mesh generation
in the mold with insert

The handling of multiply-connected domain
such as the mold with insert was successful by
using the computational program developed in the
present study. It could be implemented for molds
with dividing front lines or the case of weldlines
where two separate portions of the resin front

Table 1. Materials properties and processing conditions used in
the numerical simulations of mold filling

Materials fluid unsaturated polyester
Properties viscosity 1Pa-s
fiber mat glass, random

permeability 10X 107
Processing mold thickness dmm
Conditions inlet gate width 2cm

fiber volume fraction 0.4
inlet pressure 1.5%10°Pa
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Fig. 2. Meshes generated during the filling of the mold with a circular insert (a) at t=3s, (b) at t=30s, (c) at t=60s, and (d) at t=268s
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merged together. In finite element formulation,
the merging of the flow fronts was automatically
accounted for and posed no particular mathemati-
cal problem. But the mesh generatioon procedure
for the mold containing interior obstacle was
shown in Fig. 2(a)—(d) with the advancement of
the flow front. The size of the mold was 30x
15(cm) and the radius of insert was 2.4 cm. At the
biginning of injection, the number of element was
100(t=3s by extrapolation). This mesh was con-
tinuously enlarged to mesh size of 340 at t=30s.
At the instant that the free surface contacted with
inserted object, the mesh was generated by two
steps, dividing the flow domains into two sections
and this procedure was continued until the mold
was filled. The predicted time for completely fill-
ing the mold was 274s.

4.2. Flow pattern varying with inlet condi-
tions

The flow pattern under two cases of inlet condi-
tion were compared. As shown in Fig. 3(a), it was
noted that the initial flow profiles of the resin
front were a series of circles expected for isotropic
preform under constant inlet pressure condition,
and then the advancing flow front progressively
straightened out during filling and later flattened
against mold width. The temporal locations of the
advancing flow fronts under the constant inlet
flow rate of 3.0 10'm’/s were

depicted in Fig. 3(b). Flow front distribution
seemed to be more uniform than Fig. 3(a). The
fluid volume between two front lines was expect-
ed to be the same. The numerically predicted fill
time at which resin filled 99% of the mold volume
was 347s and an extrapolated predicted fill time
of tan= 350s was obtained. The exact fill time
calculated using constant inlet flow rate and the
available volume was 360s. A resulting error
based on above analysis indicated approximately
2.8% for the present case. The error seemed to be
within acceptable limits. The numerical mesh gen-
eration techniques used here resulted in typically

(a) 120 150 180 21G 240257

N

V1
/
\

-/

®) 10 30 60 90 120 150 180 210 240 270 300 330 347

/

\

Fig. 3. The temporal locations of the advancing flow fronts
(a) under constant pressure inlet condition (tiw=261s),
and {b) under constant flow rate inlet condition{ty=
350s)

less volumetric error because the fluid domain
was meshed fully without interpolation.

4.3. Flow through the anisotropic preform

In order to investigate the filling of a square
mold containing an anisotropic preform and to
compare with the isotropic case, the next set of
results was presented. Other processing conditions
used for this case were the same as discussed
above. Fig. 4(a) showed the results of isotropic
preform and the fill time was predicted as 419s.
We defined the degree of anisotropy as K«/Ky. In
case of the degree of anisotropy equal to 2, the
predicted fill time was 505s as shown in Fig 4(b).
The flow progression clearly showed the relative
ease of resin movement in x—direction as com-
pared with that in y—direction. The decrease in Ky
resulted in a more elongated flow pattern along
the flow direction and led to much slower move-
ment of the resin front. Therefore, the mold fill
time under identical x-directional permeability
was longer with the increase of the degree of
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anisotropy, and further the anisotropic nature of
the fabric caused a large change in the shape of
the evolving flow front.

4.4, The effect of different permeability

In order to investigate the effects of installment
of fiber mats with different permeability within a
mold, numerical simulations were performed for
two contradictory configurations. The results for

SW

(@) 16 5 100 150 200 250300 350 414

Z

./

§

® 50 100 200 300 400499

Fig. 4. Effects of degree of anisotropy for squared mold (where
Ke=1.0X10°m?) ; (a) K/Ky=1 (tw=419s), (D)KJ/Ky=
2(tw=505s)

molds with two regions having different perme-
ability were presented in Figs. 5 and 6. The per-
meability variation could be created by adding
fiber mats of different structure, but local fiber
volume fraction was assumed constant. Fig. 5 was
the case that the fabric mat having the higher per-
meability was located at near inlet gate. Fig. 6 was
vice versa. The predicted fill time for the former
case was 247s and the latter was 232s. At first
glance, the installment of fiber mats of the latter
case was more favorable as far as fill time was
concerned. This behavior was explained as the
reduction of pressure gradient with progression of
the flow front. The reduction of pressure gradient
in the distant region from inlet gate caused to
lessen driving force for flow to advance.

4.5. The effect of gate location
To investigate the effect of gate location, we

(a)

9 2
KaK=1.2x10 m

- 30 em

o)

7

/30 60 90 120 150 180 210 ¢

Fig. 5. Mold configuration with
permeabilities ;
(a) fiber mat arrangement with high and low permeability
in sequence,
{b) flow front locations (tm=247s)

regions of different
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Fig. 6. Mold configuration with regions of different permeabili-
ties ;
(a) fiber mat arrangement with low and high permeability
in sequence,
(b) flow front locations (tn=232s)

prepared two cases of mold as shown in Fig. 7(a)
and 7(b), either to fill the section from the larger
side to the smaller side, or vice versa. The results
of filling time were obtained ta=300s and in lat-
ter case tay=241s. From these results, the arrange-
ment of flow front from the large side to the small
side was advantageous since less fill time was
required. The driving force for flow was the pres-
sure gradient and the pressure gradient was
reduced with the flow progression. Since the free
surface was forced to advance flow front, it was
important to keep the line of the free surface
shorter at region distant from inlet gate. There-
fore, it was concluded that it was much easier to
fill a mold if the line of free surface was reduced
gradually.

4.6. Mold flow with variable thickness and
fiber volume fraction

We studied in case that the thickness of the

mold was gradually increased or decreased along

the flow direction. Results of numerical simula-

@ 120 160 200 240 281

) y 150 180 210 237

Fig. 7. Comparison of flow front locations between (a) tapered-
diverged (ts=300s) and (b) tapered-converged mold
(tm=241s)

tion were presented for two conditions ; one with
a constant fiber volume fraction, the other with a
variable fiber volume fraction. Constant fiber vol-
ume fraction was accomplished by altering the
number of fiber mats. Variable fiber volume frac-
tion was obtained by fixing the number of fiber
mats in a mold. In industrial practice, these varia-
tions could be either intentional or due to difficul-
ties of processing.

Under the condition of constant fiber volume,
the predicted fill time of the mold with increasing
thickness was 232s, while for the mold with
decreasing thickness it was 289s. Comparing
between two molds, the mold with increasing
thickness had advantage in saving the fill time. It
was clear that initially when the fiow began, there
was no significant difference between these two
cases but the large difference in filling configura-
tion happened in the case of long flow distance.
From Hele-shaw flow equations, it was clear that
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the velocities were in proportion to mold thick-

ness. In addition, the flow process treated with

constant pressure condition revealed that at the

beginning of filling, the pressure gradient reached s

highest and as the mold was filled, the pressure @ e e i e 210207

gradient decreased slowly and seemed to be con-
stant. This led to gradual reduction of the flow
rate. Since the pressure gradient dropped in long
flow distance and the fluidity also went down
notably in the region of reduced thickness, the
mold with decreasing thickness required much
more fill time.

Under variable fiber volume fraction condition,
the fiber volume fraction was 50% in the reduced
thickness region and 30% in the expanded thick-
ness region. Therefore, the averaged fiber volume
fraction throughout the mold maintained 40% as
the same condition of constant fiber volume frac-
tion.

To account for varying fiber volume fraction,
the permeability equation as a function of fiber
volume fraction was introduced. Here, it was
assumed that Carman-Kozeny equation could sat-
isfy the relationship between permeability and
fiber volume fraction in this range of fiber volume
fraction[15-17]. This Carman-Kozeny equation is
expressed as ;

o IE A=V s
K= A v (15)
where k” is the Kozeny constant which

accounts for tortuosity and pore non uniformity.
Although the permeability might not match Car-
man-Kozeny relationship well as a function of the
fiber volume fraction, this could account for the
change of permeability in the varying thickness
section. Kozeny constant value was selected 0.01
in order to match permeability to 1.0x10°m’ at
V=0.4 as. the representative value. Since the pre-
form was assumed as continuous and random
glass fiber mat, the value of the radius of fiber in
Carman-Kozeny equation was determined as 5.65

&
©

0 120 150 210 270330398

(0 \2 30
/

I

Fig. 8. Variable thickness mold with variable fiber volume
fraction ;
(a) increasing thickness {t=219s), (b) decreasing
thickness (tm=413s).

x 10°m. Fig. 8 showed the results for this simula-
tion. For the mold with increasing thickness the
predicted fill time was 219s, while for the mold
with decreasing thickness it was 413s. Fig. 8
showed that there was more decrease in flow
velocity in the reduced thickness area and the
flow front progresses faster than in the expanded
thickness area. The flow slowed down significant-
ly when it reached the reduced thickness area.
There was more resistance to flow as the perme-
ability was considerably low in this area due to
high fiber volume fraction. It could be concluded
that these differences of mold configuration had
great influences on the flow field and processing
cycle.

5. CONCLUSIONS

Computational program was developed for the
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numerical simulation of mold filling in the RTM
process. The Galerkin finite element method and
the numerical mesh generation can handle the
changing flow domain shape during mold filling.
This program can be also applied to the irregular-
ly-shaped molds and molds with varying thick-
ness under variable processing conditions.

Several key processing variables have been ana-
lyzed which influence on the behavior of mold
filling in the RTM process. Numerical simulations
helped identify the variables that controlled the
resin flow and provided the guidelines of mold
design. Several design principles were suggested
by application examples. The resin flow should be
arranged (a)from low permeability region to high
permeability region, (b)from larger side to smaller
side in the tapered mold, (¢)from thin thickness to
thick thickness in the variable thickness mold, and
(d)the insert should be located in far away the
inlet gate.

NOMENCLATURE
h(x,y) mold thickness
J transformation Jacobian
K« Ky permeabilities in x,y directions
K’ Kozeny constant
N number of fiber mats
p pressure
P(En) grid control function
QEn) grid control function
u,v,w  Xx—,y—, z—directional velocity compo-
nents

Vs volume fraction of fiber
X9, 2 global coordinates

Greek letters
€ porosity
il transformed coordinate
u viscosity
3 tranfromed coordinate
& surface density of fiber mat

o bulk density of fiber
o density of fiber
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